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Abstract. We investigate the influence of the Coriolis force and magnetic reconnection on the evolution of the Parker instability

in galactic disks. We apply a three-dimensional (3D) model of a local gas cube, permeated by an azimuthal regular magnetic
field. We numerically solve MHD equations including the contribution of the Coriolis force. At this stage of the investigation
we omit the effects of rotational shear. Our previous simulations demonstrate that Parker instability leads to the formation of
helically twisted magnetic flux tubes forming a significant poloidal magnetic field component on the scale of the whole cube.
Such an evolution represents an example of the fast dynamo process proposed by Parker (1992). In the present work we extend
our earlier computations by calculating the basic coefficients of the MHD dynamo as time-dependent functions. The wellknown dynamo coefficients α and ηT – both in the relevant tensorial formulations – are derived from small scale gas motions
present in the Parker instability model, so in a local formulation the total turbulent electromotive force (EMF) is described as a
quantity dependent on time. The EMF-coefficients α and ηT are evaluated within the limit of high microscopic conductivity.
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1. Introduction
Historically, the classical turbulent dynamo theory involved the
problem of the dynamo coefficients obtained from fluctuating
gas motions present in the interstellar medium (ISM) caused
by different sources of turbulences like supernova (SN) explosions, winds from stars, different instabilities, shearing motions
etc. The dynamo process relies on the concept of a helical
turbulence, which is parameterized by the transport coefficients: α, allowing for a magnetic field amplification, and turbulent diffusivity η (Ruzmaikin et al. 1988) responsible for
the magnetic field decay. In general, both dynamo coefficients
should be treated as tensors. The first of them, α̂ can be split in
two parts: the symmetric one responsible for the magnetic field
amplification (α xx = αrr , αyy = αφ and αzz , local X, Y and Z
coordinates run along R, φ and Z of the global galactic system,
respectively) and the antisymmetric one representing turbulent
velocities responsible for the magnetic field buoyancy (the socalled pumping effect, see also Ossendrijver et al. 2002). In
a thin galactic disk an important component of the dynamo
coefficient is αyx (Ziegler 1996), also called Vesc in Ferrière
(1993a,b), presenting the magnetic field motion in the Z direction (buoyancy, see Eq. (4)). The dynamo works if the buoyancy mechanism is less efficient than the magnetic field amplification. The numerical simulations made by Korpi (1999)
and Ferrière (1993a,b, 1995, 1996, 1998) give values of about
few km s−1 for the symmetrical part of α̂ and with a two or
three times higher value of Vesc . Ferrière (1998) found a ring
?
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between certain radii in a modeled galactic disk, where the ratio
Vesc /αφ is sufficiently low to allow for the magnetic field amplification. These simulations were done without back reaction
of the magnetic field on the turbulent motions and the dynamo
coefficients were estimated semi-analytically. Fully dynamical
3D simulations of the dynamo coefficients with a magnetic
quenching of SN explosions in the local galactic medium done
by Ziegler (1996) give quite opposite results. Kinematic calculations made by Ziegler et al. (1996) generally confirmed
Ferrière’s results. However, taking into account a magnetic
quenching of turbulent motion causes a symmetrical part of α
to be strongly suppressed by the magnetic field, while Vesc ,
in contrast, depends only slightly on the mean magnetic field
tension. The main conclusion of this paper was that the turbulent buoyancy overwhelms any α action. Brandenburg et al.
(1995) and Brandenburg & Donner (1997) get strong dependence of αφ on the magnetic field, as well. They got the opposite sign of this coefficient than was earlier estimated in classical dynamo papers (e.g. Ruzmaikin et al. 1988). Both models of
Brandenburg and his coauthors take into account strong shear
so their results cannot be directly comparable to our simulations. Traditionally the problem of quenching is analyzed under
the assumption that a system is in a steady state (without any
time-dependence). The new simulations made by Blackman &
Brandenburg (2002) show that the assumption of the algebraic
form of α, which does not depend on time, gives inappropriate solutions for the mean magnetic field evolution. These authors take into account the time dependence of the magnetic
helicity and of the functional form of the α-quenching. They
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obtained that algebraic quenching prescriptions are inconsistent with that from a time-dependent analysis (Blackman &
Brandenburg 2002). The time-dependence of the dynamo coefficients becomes crucial in forthcoming models concerning the
amplification of the mean magnetic field in the astrophysical
objects. The physics of our Parker instability model incorporates the magnetic field quenching by definition.
The next important problem in the dynamo theory is a conservation of the total magnetic helicity in objects possessing
high magnetic Reynolds numbers, thus also relevant for galaxies. The galactic dynamo gives the small and large-scale magnetic field with a certain value of the magnetic helicity, which
should be conserved in a given volume over time (Kleeorin
et al. 2003). This quantity also influences the character of
the turbulent electromotive force extending the dynamo coefficients to time-dependent variables nonlinearly dependant
on the magnetic field (see Kleeorin et al. 2000, 2002, 2003;
Rogachevskii & Kleeorin 2001; Kleeorin & Rogachevskii
1999). According to this theory, the coefficient α separates into
a magnetic and kinematic part as was originally proposed by
Frisch et al. (1975) and Pouquet et al. (1976).
The mentioned above problems with the magnetic quenching of the turbulent dynamo action (summarized in Widrow
2002) prompted the idea of a new mechanism to help in solving
this problem. The concept of magnetic buoyancy serving as a
source of helical turbulences was considered by Parker (1992),
Moss et al. (1999), Korpi et al. (1999), Brandenburg & Schmitt
(1998), Ossendrijver et al. (2001, 2002) (the last three papers
studied the solar dynamo) resulting in hints that this mechanism could work both in galactic and stellar dynamos. This
fast magnetic field amplification is also necessary to explain
the modern observations of magnetic fields in irregular galaxies (Chyży et al. 2000, 2003; Otmianowska-Mazur et al. 2000).
While the underlying physics of these models is different from
the classical dynamo, the equations concerning the dynamo coefficients are the same (Widrow 2002 and references therein).
The concept of Parker instability working as the fast dynamo was considered in a series of papers by Hanasz & Lesch
(1993, 1997, 1998, 2000). They studied the dynamics of flux
tubes under the influence of cosmic ray pressure with the
approximation of thin tubes and estimated values of the dynamo coefficients, α and η. Their papers provide evidence that
the Parker instability operating in rotating galactic disks contributes very efficiently to the production of the poloidal magnetic field from the initial azimuthal one. This implies that this
instability can be considered as a reasonable candidate for driving the galactic αω-dynamo.
In a previous paper (Hanasz et al. 2002 – Paper I) we analyzed the full 3D MHD evolution of the Parker instability in
a local galactic cube, permeated by an azimuthal large-scale
magnetic field and we solved numerically the 3D MHD equations including the contribution of the Coriolis force. We do not
apply the process of shearing caused by differential rotation of
the galactic disk, which will be the subject of a future study.
In this paper we present results of computations of the dynamo coefficients for simulations of the Parker instability in
galactic disks published in Paper I, following the method described by Otmianowska-Mazur et al. (1997). In the present

approach we calculate the dynamo coefficients α̂ and η̂ as timedependent tensors (Ruzmaikin et al. 1988; Moffatt 1978). The
possibility of stochastic excitation of magnetic fields by a fluctuating α-effect is well established in the solar dynamo theory
(e.g. Hoyng et al. 1994). These excitations may contribute, for
instance, to irregularities of the solar cycle (Choudhuri 1992;
Moss et al. 1992; Schmitt 1993). Numerical computations of
the evolution of helical turbulences in the local medium show
that despite the strong fluctuating nature, a significant α-effect
appears to be present in such flows (e.g. Brummell et al. 1998;
Schmalz & Stix 1991; Covas et al. 1997, 1998), which could
be responsible for the classical large-scale dynamo action.
The numerical and theoretical studies concerning the
MHD dynamo process, where we analyze what kind of gas
motions could be responsible for the magnetic field amplification in astrophysical bodies, can be loosely divided into two
groups: flows exhibiting small-scale dynamo action, and those
sustaining the field on the large-scale (Brummell et al. 2001).
It was presented that nonlinear gaseous flows that were responsible for the local dynamos were not directly connected to the
large-scale dynamos. Thus there are gas motions that do not locally amplify the magnetic field but they could give the largescale dynamo and flows responsible for the local dynamos, resulting in a much smaller α-effect (Brummell et al. 2001). For
these reasons we decided to calculate the EMF coefficients as
time-dependent quantities. They are evaluated within the limit
of high microscopic conductivity.

2. Basic equations and the dynamo coefficients
The basic quantity in mean-field electrodynamics is the mean
electromotive force (EMF)
E = hu0 × B0 i,

(1)

whose curl determines the time evolution of the mean magnetic
field hBi:
∂hBi
= curl (E + hui × hBi),
∂t

(2)

with u and B being the velocity and the magnetic field induction, respectively. In these equations the notation hFi (where F
concerns u or B) denotes quantities averaged by a procedure according to the Reynolds rules (e.g. Moffatt 1978) –
usually an ensemble average. F 0 represents fluctuations (see
Otmianowska-Mazur et al. 1997). Instead of averaging over an
ensemble one can also define mean values by the integration in
space. In the present simulations, angular brackets denote averaging in planes parallel to the XY plane (the galactic plane) in
order to get the Z-dependence of both quantities. This implies
that the coefficients are constant in planes, however the derivation of non-isotropic magnetic EMF coefficients is also possible (Rogachevskii & Kleeorin 2001; Kleeorin & Rogachevskii
1999), but this is a separate issue.
From our model of Parker instability (see OtmianowskaMazur et al. 2003; Kowal et al. 2003a,b and Paper I), we obtained helical small-scale gas motions evolving in a rectangular parcel (in Cartesian coordinates). In the present study we
estimate how strong an α-effect we can get from our previous
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simulations. Thus we calculate simultaneously to our Parker
instability computations the resultant components of both tensors α̂ and η̂ as time-dependent quantities. We restrict ourselves
to the computation of the turbulent EMF (Eq. (1)) in the highconductivity limit. Then the second-order correlation approximation yields the expression (Rädler 1980):
Z∞
α̂i j (x, t, τ)hB j i(x, t − τ; t)
Ei (x, t) =
0

!
∂hB j (x, t − τ; t)i
dτ
+η̂i jk (x, t, τ)
∂xk

(3)

with the dynamo coefficients α̂i j and η̂i jk , and B j as the magnetic field components. Detailed expressions for the EMF
are given by Krause & Rädler (1980). We apply them for a
Cartesian geometry where y represents the azimuthal direction
and x the radial one. Both tensors are calculated from the same
velocity field.
It is convenient to write locally Eq. (3) in the form of its
components:
∂hByi
∂hBzi
− ηT
,
E x = α xx hB x i + α xy hBy i + ηT
∂z
∂y
Ey = αyy hBy i + αyx hB x i − ηT

∂hB xi
∂hBzi
+ ηT
,
∂z
∂x

∂hBy i
∂hB xi
+ ηT
·
(4)
∂x
∂y
In our model we apply only the mean diffusion coefficient ηT
defined by Eq. (7), due to the fact that we are mainly interested
in components of the α̂i j tensor (see Eq. (5)) representing the
amplification and the buoyancy mechanisms of the magnetic
field in galactic disks.
For homogeneous and isotropic small-scale gas motions the
α-tensor has no non-diagonal elements; however as we wrote
in Sect. 1 we analyze the model with a fully anisotropic velocity field and because of that we should check the strength of
the buoyancy force by also computing the antisymmetric part
of αyx . From Moffatt (1978) and Otmianowska-Mazur et al.
(1997) it follows that
Z∞
∂uy(t − τ)
∂uz (t − τ)
− uz (t)
idτ,
huy (t)
α xx =
∂x
∂x
Ez = αzz hBz i − ηT

0

Z∞
αyy =

huz (t)

∂u x (t − τ)
∂uz (t − τ)
− u x (t)
idτ,
∂y
∂y

huy (t)

∂uy(t − τ)
∂uz (t − τ)
− uz (t)
idτ,
∂y
∂y

huz (t)

∂u x (t − τ)
∂uz (t − τ)
− u x (t)
idτ,
∂x
∂x

0

Z∞
α xy =
0

Z∞
αyx =
0

Z∞
αzz =

hu x (t)
0

∂uy (t − τ)
∂u x (t − τ)
− uy (t)
idτ.
∂z
∂z

(5)
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Commonly one can separate the abovementioned antisymmetric part of αyx as (e.g. Ossendrijver et al. 2002; Moffatt 1978):
A
=
αyx

(αyx − α xy )
·
2

(6)

The diffusion coefficient is calculated according to the following form:
 ∞
Z∞
Z
1 
ηT =  hu x (t)u x (t − τ)idτ+ huy (t)uy (t − τ)idτ
3
0
0

Z∞


+ huz (t)uz (t − τ)i dτ .
(7)

0

This equation allows also for negative values of the diffusion
coefficients, an effect expected for the dynamo theory (see
Parker 1979).

3. The model of small-scale gas motion
In the present numerical model we study the time evolution of
the dynamo coefficients (Eq. (3)) induced by the Parker instability mechanism as presented in Paper I. In Paper I we analyzed the 3D evolution of the Parker instability in the presence
of rigid rotation and fast magnetic reconnection (without shear)
in a parcel of galactic gas situated in the vicinity of the Sun
(Paper I; Kowal et al. 2003a; Otmianowska-Mazur et al. 2003).
Our initial equilibrium state was an exponentially stratified disk
as proposed by Parker (1966). The equilibrium state was characterized by uniform vertical gravity, an isothermal equation of
state and a sound speed constant across the disk. The fixed ratio of the magnetic pressure to the gas pressure was given by
αdyn = pmag /pgas . In a Cartesian reference frame with coordinates x, y, z corresponding locally to the radial, azimuthal and
vertical coordinates in the disk, the assumed initial magnetic
field was purely azimuthal, B0 = B0 (z)ey and the dependence
of equilibrium quantities on z was
 −z 
B2 (z)
n0 (z)
p0 (z)
=
= 20
= exp
p0 (0) n0 (0) B0 (0)
H

(8)

with the midplane particle density n0 (0) = 1 cm−3 , the isothermal sound speed cs = 7 km s−1 , vertical gravitational acceleration g = −2×10−9 cm s−2 , αdyn = 1.0 and a vertical scaleheight
H = (1 + αdyn )c2s /|g| ' 150 pc. We used the angular velocity
of the galactic rotation of the Solar orbit Ω = 0.025 Myr−1 .
The chosen value of αdyn = 1.0 corresponds to the magnetic
field of 4.5 µG at the galactic midplane (see Paper I for explanation). We used the concept of an anomalous resistivity
which depended on the current density (Ugai 1992; Tanuma
et al. 1999, 2001; Konz et al. 2000)

1/2 

Θ j2 − j2crit ,
(9)
η( j) = η2 j2 − j2crit
where η2 was a constant coefficient, jcrit denoted the critical
current density above which the resistivity switches on and Θ
was the Heaviside step function (see Paper I for explanation).
With the help of the Zeus-3D code (Stone & Norman 1992a,b)
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4. Numerical simulations
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Fig. 1. The evolution of the dynamo coefficient αxx for the model D1;
the height above the galactic plane is z = 300 pc for different time
steps.

in Paper I we performed a series of more than 20 numerical
simulations of the Parker instability applying different perturbations. The major simulations were done with the resolution
of 120×90×240 zones in the x, y and z directions, respectively.
To check the effect of the finite grid resolution we repeated the
same simulations with the resolution of 60×90×120 grid cells;
however, these simulations differed only in minor details compared to the high resolution cases. For all the simulations we
applied the Cartesian computational domain of physical sizes
of L x = 600 pc, Ly = 1800 pc and Lz = 600 pc.
In our present simulations, at every time step the resulting velocity field (from our Parker instability model) is used
to calculate the EMF coefficients (Eqs. (5) and (7)). Due to
the Coriolis force and the density stratification, the small-scale
motions of gas possess a helical character, so we decided to
compute both dynamo coefficients in two chosen experiments
from 20 simulations presented in Paper I. In order to start the
evolution of the Parker instability we assumed that at the beginning a multicomponent velocity perturbation in the form of
waves occurs. The perturbations are given by the formula:

uz (x, y, z) =

!
2πi x x
v0
cos
+ φi x
nnn
Lx
i x ,iy ,iz =1 x y z
!

 πi z
2πiy y
z
+ φiz
+ φiy sin
× cos
Ly
H
n xX
,ny ,nz

(10)

where n x , ny and nz are the numbers of harmonic components
in the x, y and z direction, φix , φiy and φiz are the random
phases. The limitation of the perturbations to z ≤ H is motivated by the assumption that the stellar activity in the disk (e.g.
supernova explosions, stellar winds or cosmic rays) initiates the
instability.

In order to estimate the dependence of the dynamo coefficients
computed on the grid size (Eqs. (5) and (7)) we calculated two
experiments: B1 with the smallest (n x = 3, ny = 3, nz = 1)
and D1 with the highest (n x = 10, ny = 5, nz = 5) numbers of harmonic components of the velocity perturbations (see
Paper I) using the time step of 5.0 Myr for both experiments.
To check the accuracy of the integration procedure, the experiment D1 was recalculated for two smaller time steps: 2.5 Myr
and 0.5 Myr. We average both dynamo coefficients over all
planes parallel to the XY plane at the chosen height z, because
we would like to compare these quantities with magnetic field
components averaged in the same manner in Paper I (Fig. 8).
We analyze the time evolution of the turbulent diffusivity and
the α̂ tensors as well as their time averaged values E(X) and
rms time variations σ(X), X being the components of αi j or ηT .
The standard deviation is computed in order to give information how big the fluctuations are in comparison with the timeaveraged value of a given quantity for the models B1 (Table 1)
and D1 (Table 2). In order to check how the magnetic field
strength influences the dynamo coefficients we recalculated the
model B1 with 2 times lower initial magnetic field for the low
resolution case (the model B2). In such case the ratio of magnetic to gaseous pressure is 1/4 (1 in B1 and D1 experiments,
see Paper I).

5. Results
The dependence of our simulations on the adopted time step is
presented in Fig. 1 as the time evolution of α xx resulting from
the model D1 for three different time steps: 5 Myr, 2.5 Myr
and 0.5 Myr, computed at the height of 300 pc above the galactic plane. The three curves obtained have very similar shapes
indicating that the process of integration in our code is not dependent on the time step and we can compute models for the
largest time step of 5 Myr without losing accuracy.
Figure 2 shows the time evolution of the coefficient α xx obtained from the experiments B1 (left) and D1 (right) at the chosen z above the galactic plane with the high (120 × 90 × 240)
and low (60 × 90 × 120) grid resolution. The evolution presented starts from 250 Myr because before that time the value
of all coefficients is about zero. The dotted lines are for the
low resolution case, the solid lines are for the high one. In both
experiments there are no big differences between the high and
low resolution models. This means that calculations with both
resolutions give similar results for the dynamo coefficients. For
this reason in Figs. 3–6 we present results for the high resolution computations, while the low resolution is applied for the
model B2 (with an initial magnetic field two times weaker than
for the run B2 see Figs. 7–9).
The time evolution of coefficients αyy starting from
250 Myr for the high resolution models B1 and D1 are shown in
Fig. 3 left and right respectively, again at three chosen heights
above the galactic plane. For the model B1 the coefficient α xx
(see Fig. 2 left) reaches its maximum value of about 80 km s−1
at the time step of about 425 Myr at the height of 700 pc.
Two cuts at lower z show much smaller values. Experiment
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Fig. 2. The time evolution of the dynamo coefficient αxx for the models D1 (right) and B1 (left) at three chosen heights above the disk plane for
the high (HR, solid lines) and low (LR, dotted lines) resolution models.
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Fig. 3. The time evolution of the dynamo coefficients αyy for the models B1 (left) and D1 (right) at three chosen heights above the disk plane
for the high resolution models. The curves are described in the insets.

D1 yields a maximum value of about 100 km s−1 (see Fig. 2,
right). The position of this maximum is shifted significantly in
time to about 550 Myr, thus later in comparison with B1. The
component α xx for two cuts at lower z again has smaller values (Fig. 2). The time changes of the second coefficient αyy

looks very different (Fig. 3). The growth of this component is
not so efficient, probably due to the small value of the random
velocity in the X direction (see Discussion). It reaches its maximum of about 3 km s−1 at 450 Myr for the case B1 at z of
700 pc above the galactic plane (see Fig. 3 left). During the
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Fig. 4. The time evolution of the dynamo coefficient αzz (left) and the diffusion coefficient ηT (right) for both models at three chosen heights
above the disk plane for the high resolution models. The curves are described in the inset.
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Fig. 5. The time evolution of three dynamo coefficients: αyx
(solid lines), αyx (dashed-dotted lines) and αxy (dashed lines) for the model B1 (the
left panel) and D1 (the right panel) at z = 700 pc. The curves are described in the insets.

next 50 Myr it oscillates rapidly around zero with an amplitude of 3 km s−1 . Later on, the amplitude decreases while the
oscillations persist until the end of the evolution. The rest of
the curves at lower z behave similarly, however with a smaller
amplitude of variations. The same coefficient for the model D1

has an even smaller maximum value than in the experiment B1
(Fig. 3 right).
Figure 4 left panel shows the time-evolution of the coefficient αzz , while the right panel presents it for ηT . The presented evolution starts again from 250 Myr. In the classical
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Fig. 6. The time evolution of the natural logarithm of the mean square velocity (left) and the chosen dynamo coefficients (right) for both models
at 700 pc height above the galactic plane for the high resolution models. The curves are described in the insets.
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Fig. 7. The time evolution of the dynamo coefficient αxx (left) and αyy (right) for the model B1 (solid lines) and B2 (dashed-dotted lines) at
z = 700 pc. The experiment B1 has two times stronger the initial magnetic field than B2.

dynamo theory (Ruzmaikin et al. 1988), αzz should be negative above the galactic plane due to the Coriolis force (see
Discussion). The evolution of our modeled coefficient is more
complex. It changes its sign from plus to minus with extreme

values at the height of 700 pc of +80 km s−1 and −60 km s−1
for the models D1 and B1, respectively. The coefficient of magnetic diffusion ηT presented in Fig. 4 (right panel) shows a
similar evolution to α xx . B1 yields a maximum value of about
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Fig. 8. The time evolution of the dynamo coefficient αzz (left) and the diffusion coefficient ηT (right) for the model B1 (solid lines) and B2
(dashed-dotted lines) at z = 700 pc. The experiment B1 has a two times stronger initial magnetic field than B2.
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Fig. 9. The time evolution of three dynamo coefficients:
(solid lines), αyx (dashed-dotted lines) and αxy (dashed lines) for the model B1 (the
left panel) and B2 (the right panel) at z = 700 pc. The experiment B1 has a two times stronger initial magnetic field than B2.

6 × 1026 cm2 s−1 at 450 Myr. The peaks in D1 are shifted to a
later time of about 575 Myr with a similar maximum value of
6.0 × 1026 cm2 s−1 .
The time evolution of the antisymmetric part of αi j is
presented in Fig. 5 for the high resolution models B1 (left
panel) and D1 (right panel). Our simulations show that

small-scale motions of gas evolving in the Parker instability
process are highly anisotropic: the tensor component αyx ,
−α xy . In both models α xy (dashed lines) has a much higher extremum (about −15 km s−1 ) than αyx (dashed-dot lines). The
component αyx for the model B1 (left panel) has in the beginning a slightly negative value (maximum about −5 km s−1 ) then
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Table 1. The time-averaged values E(X) and standard deviations σ(X) of the dynamo tensor components for B1: the height is in pc, α in km s−1
and η is in cm2 s−1 .
Height
700
300
100

E(αxx )
16.76
12.71
1.36

σ(αxx )
23.56
13.44
2.77

E(αyy )
0.14
−0.01
0.10

σ(αyy )
0.84
0.17
0.14

E(αzz )
0.48
−3.92
1.62

σ(αzz )
18.99
11.87
3.12

A
E(αyx
)
1.27
0.85
−0.02

σ(αyx )
2.30
0.89
0.07

E(ηT )
16.8 × 1025
9.3 × 1025
1.2 × 1025

σ(ηT )
19.3 × 1025
8.9 × 1025
1.3 × 1025

Table 2. The time-averaged values E(X) and standard deviations σ(X) of the dynamo tensor components for the experiment D1: the height is
in pc, α in km s−1 and η is in cm2 s−1 .
Height
700
300
100

E(αxx )
12.38
7.77
1.40

σ(αxx )
24.45
9.82
1.93

E(αyy )
−0.07
0.02
0.01

σ(αyy )
0.15
0.14
0.14

E(αzz )
2.03
0.61
−0.10

positive values (about +8 km s−1 as the maximum value) oscillating to the end of simulations with decreasing amplitude. The
component αyx for the run D1 shows a similar character for
time evolution (Fig. 5, right panel), however the amplitude of
variations is smaller than in the previous simulation B1. The reA
defined by Eq. (6) (solid lines)
sulting antisymmetric part αyx
in both presented experiments (Fig. 5 left and right panels) attains a maximum of about 8 km s−1 , showing oscillations with
a smaller amplitude until the end of the evolution.
For general comparisons we present in Fig. 6, the left panel,
the natural logarithm of the mean square velocities (< u2x >,
< u2y > and < u2z >) averaged in space at a height of 700 pc.
From these graphs we can easily get the saturation time of
the modeled process, when the evolution of the Parker instability stops. The saturation time for small-scale gas motions
in the model B1, assuming a low number of harmonic components of the velocity perturbations, is reached at about 450 Myr,
100 Myr earlier than for the run D1. We can see that the velocity component u x (solid lines) has the significantly smaller
value of 3 km s−1 , lower than the two other components uy
and uz , reaching 15 km s−1 and 5 km s−1 as the maximum, respectively. This fact is important in the evolution of α components (see Discussion). We compare three dynamo coefficients:
A
) and ln(ηT ) in the same figure, the right panel.
ln(α xx ), ln(αyx
The rest of the coefficients strongly oscillate between positive
and negative values and it is not possible to take their logarithm. As shown in the figure the presented coefficients have
the same time scales of the growth as the velocities: 450 Myr
for the model B1 and 550 Myr for D1.
Tables 1 and 2 show the mean values and the standard deA
and ηT avviations of the chosen quantities: α xx , αyy , αzz , αyx
eraged over the whole time period, for the runs B1 and D1, respectively. The calculations with high resolution are presented.
The experiment with a smaller number of harmonic components of the velocity perturbations B1 has (in most cases)
higher mean values of almost all dynamo components. For α xx
we have the mean value of about 16 km s−1 at z = 700 pc.
The model D1 yields the mean α xx of about 12 km s−1 . Both
runs give the standard deviation almost twice as large as the
mean values of α xx . The mean values and standard deviations

σ(αzz )
16.37
1.80
0.32

A
E(αyx
)
1.02
0.26
0.01

σ(αyx )
1.78
0.38
0.06

E(ηT )
8.9 × 1025
3.1 × 1025
0.6 × 1025

σ(ηT )
15.4 × 1025
4.0 × 1025
0.8 × 1025

are smaller for cuts at lower z. The positive values of α xx are
in agreement with the expectations of helically twisted turbulences (due to the Coriolis force, see Discussion). The mean
values of αyy and αzz are similar and very small. We note,
however, that while αzz oscillates strongly in time between
+80 km s−1 and −60 km s−1 (note the high σ in Table 1), αyy
stays small (±3 km s−1 ) over the whole evolutionary time (see
text for the model description). Fluctuations of αzz in both models result in several km s−1 as the standard deviation. The mean
A
are about 1.02 km s−1 and 1.27 km s−1 for modvalues of αyx
els D1 and B1, respectively at z = 700 pc. Their standard deviations are about 1.5 times higher than the mean values. The
mean values of that component at two lower cuts are significantly smaller. For ηT the model B1 gives the mean value about
17 × 1025 cm2 s−1 , which is almost two times higher than in
the model D1 with value of about 9 × 1025 cm2 s−1 at 700 pc.
The model B1 and D1 yield their standard deviations 1.5 and
2 times higher than their mean value, respectively (both models
at z = 700 pc). The cuts at lower z give again smaller values of
the averaged quantities and the standard deviations.
In order to check how our process depends on the initial
magnetic field strength we make additional simulations, B2,
with the initial component By two times lower than its value
in the computations B1 and D1. The multicomponent velocity
perturbations are similar to the experiment B1, so the modeled
quantities can be compared with results of this model but with
the low resolution case. Due to the weakness of the initial magnetic field, the Parker instability in the run B2 evolves significantly slower, however in all our experiments (B1, D1 and B2)
the initial magnetic field pressure is in an analytical equilibrium with the gas pressure and the gravitational potential (see
Paper I). In Figs. 7–9 for simplicity we present only quantities
averaged in space at z = 700 pc.
Figure 7 presents the time evolution of two dynamo coefficients: α xx (the left panel) and αyy (the right panel) for the
model B1 (solid lines) and B2 (dashed-dotted lines). The experiment B2 yields the maximum of α xx about 1.2 times higher
than the extremum for the model B1. It is shifted 200 Myr later.
The coefficient αyy in the simulations B2 (dashed-dotted line)
also shows the highest peak shifted to 800 Myr, but its
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maximum value is about two times smaller than in the
model B1 (solid line). The situation is similar for αzz . The
model B2 (dashed-dotted line) with a two times lower input
magnetic fields shows 10 times smaller oscillations than the run
B1 (see Fig. 8, the left panel, solid line). The situation for ηT
(Fig. 8, the right panel) is also different to our previous simulations B1. The diffusion coefficient for our new experiment B2
(dashed-dotted line) shows only one peak reaching the value
of about 2.4 × 1026 cm2 s−1 at 800 Myr. This value is slightly
smaller than the second maximum of ηT for the model B1 (solid
line).
Figure 9 compares the time evolution of the antisymmetric part of the α-effect: the components α xy (dashed lines), αyx
A
(dashed-dotted lines) and combined αyx
(according to Eq. (6),
solid lines) for cases of the strong (B1) and weak (B2) initial
field. The model B2 is presented in the right panel of the figure, the run B1 in the left one. All presented quantities from
the new simulations B2 have the maxima shifted to 650 Myr
in comparison with the simulations B1. The peaks of α xy is
1.2 times higher than the equivalent maximum for the experiA
is about 1.4 times higher than in the other
ment B1, while αyx
model. These differences are absent for αyx which has only a
slightly smaller amplitude of oscillations.

6. Discussion
Our model shows that both coefficients α xx and αzz possess
quite big peaks (positive or negative), much higher than in
models assuming the quenching of the magnetic field by turbulent motion (Ziegler 1996). The time-averaged value of the first
coefficient is also high with a mean value of about 16 km s−1 .
Ferrière in her papers computed the value of four dynamo coefficients, similar to our present study. Her semi-analytically obtained quantities averaged in time and space have a maximum
of 6 km s−1 for αr (α xx in our case) and 2 km s−1 for αzz . The
calculations were made without any assumption of the magnetic field quenching. The full 3D MHD simulations with the
magnetic field response to the gas flows were done by Ziegler
(1996). Due to the estimation method used in his model (the dynamo coefficients were calculated from EMF), values of only
three dynamo components were computed. The peak value of
αzz was very small in comparison with our results, with the
maximum of about −2 m s−1 . The negative value of that component in the Ziegler (1996) simulations was in agreement with
the classical dynamo theory. The high value of α xx in our model
allows for direct amplification of the By (Bφ) magnetic field
component according to Eq. (2) and could yield a so-called
α2 ω-dynamo (see also Ziegler 1996; Moffatt 1978). Our αzz
coefficient changes sign from plus to minus resulting in quite
low mean values, between 0.48 km s−1 (B1) and 2 km s−1 (D1)
with σ of the order of 20 km s−1 .
The component αyy in our present study has a much smaller
mean value (e.g. 0.14 km s−1 for B1) than 2 km s−1 obtained
by Ferrière (1998). On the other hand, our αyy is much higher
than this coefficient calculated by Ziegler (1996). His model
yields only 2−6 m s−1 . Brandenburg & Donner (1997) obtained
also rather small value of this component, about 0.1 m s−1
or even smaller, recalculating their values to galactic units.

Additionally our αyy changes sign over a time scale of 100 Myr.
The component αyy (αφ ) is essential for the αω-dynamo working in galaxies, producing the radial component of the magnetic
field. This component gives rise then to the azimuthal field due
to the differential rotation of the galactic disk. Our resulting αyy
is certainly too small to build effective dynamo action in the
galactic disk. Such a value of αyy (estimations from the classical dynamo give a value of 1 km s−1 , Ruzmaikin et al. 1988)
is caused by the low value of the radial velocity u x (see Fig. 6,
left), which is much smaller than the other velocity components (see Kowal et al. 2003a). This velocity is responsible for
αyy (see Eq. (5)). The rest of the dynamo components also have
terms without u x . This small velocity value is caused by the
character of gas motions in the Parker instability, which allows
for the gas flow along magnetic lines of force – along the Y and
Z direction in our case. Across the magnetic field lines the gas
flow is limited (see Kowal et al. 2003a). This means that αyy
strongly depends on the geometry of the initial magnetic field.
The next important problem is the compatibility of the obtained α̂ coefficients with the results of Paper I. Our simulations
made in Paper I yielded a quite significant radial component B x
after 500 Myr of MHD evolution. This means that this component can be converted by the shear to the azimuthal one, amplifying the magnetic energy (yielding of small-scale dynamo
action). In Paper I, due to the lack of the shearing process we
have not obtained the amplification of the magnetic field energy so far. We expect we will detect it when we incorporate
this process into our model. The very crude estimation of the
value of the effective local αyy , which is necessary to get a significant radial component and is computed from the dynamo
equation, gives the value of about 6 km s−1 at z = 0 pc (after
500 Myr). We apply here 1026 cm2 s−1 as the mean value of
the diffusion coefficient. The large-scale value (computed from
Eq. (5) and averaged over time) of αyy from the present calculations at lower z is much smaller (see Table 1). At z = 100 pc
the local αyy is about −3 km s−1 , at z = 200 pc: 1.5 km s−1 and
above 400 pc this quantity decreases to about 0 km s−1 . Thus,
the so-called effective local αyy has its maximum near the bottom of the cube opposite to the large-scale αyy which has a
maximum value at 700 pc, in agreement with the extremum of
the mean square velocity components (see Fig. 6, left). The unexpected small value of αyy from our approximations could be
explained by the fact that the nonlinear flows of gas responsible for the local dynamos are not always directly connected
to the large-scale magnetic field amplification (see Brummell
et al. 2001, Sect. 1) or that the applied classical approximation of the dynamo coefficient α (Eq. (5), Moffatt 1978) is
only the kinetic part of the full quantity taking into account
also its magnetic part (see Kleeorin et al. 2003; Blackman &
Brandenburg 2002; Rogachevskii & Kleeorin 2001; Kleeorin
& Rogachevskii 1999). This problem will be a subject of our
further considerations. To better understand the physics of the
dynamo coefficients we plan also to perform future calculations with the initial magnetic field inclined to the azimuthal
direction in order to get the radial component of the field,
which is more realistic for galactic disks. The shearing process connected to the presence of the differential rotation will
be included as well. Brandenburg & Donner (1997) found that
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shearing was the most important process to study, as it had a
profound effect on the sign and value of αφ .
In the classical dynamo theory αzz should be negative in the
upper part of the galactic disk. Our model shows that the sign
can change in time and this was also obtained by Brandenburg
& Donner (1997) in the calculations of the localized ISM with
the assumptions of quenching and shearing. Brandenburg et al.
(1995) from the cube simulations also get negative values of αφ
in the upper disk plane. They conclude that the effect of a
single eddy cannot be explained in a static description of the
so-called “Parker loop”, but this process should take into account dynamical effects of the loops growing in the Z direction,
which is a case in our model. In our opinion the EMF force,
which is changing over time, could give such results in a turbulent medium even with quite strong helicity. Theoretically it
is known that the components of α̂ could have an opposite sign
to that expected, if the line of force is tangled more than π during one turbulence life time (Parker 1979). Two complicated
terms in every α̂ coefficient (Eq. (5)) implies that the real behavior of the dynamo coefficients is more complex than one
could expect from classical dynamo models (Ruzmaikin et al.
1988), so a static explanation is no longer valid. In a later paper Brandenburg & Schmitt (1998) showed that due to the magnetic buoyancy the α-effect appeared to be positive in the northern hemisphere, however they computed its value only during
the growing phase of instability.
For the first time in studies concerning the galactic dynamo
we obtain two dynamo coefficients connected with the buoyancy mechanism: αyx and α xy . Both experiments: B1 and D1
yield quite different time evolutions of these quantities (see
Fig. 5). This fact is in agreement with our expectations that
the small-scale gas motions are highly anisotropic and the antiA
exists (given by Eq. (6)). The models presymmetric part of αyx
sented so far (e.g. Ziegler 1996; Brandenburg & Donner 1997;
Brandenburg & Schmitt 1998) always assumed that turbulences
A
is responsiwere isotropic and α xy = αyx . The component αyx
ble for magnetic field transport outwards of the galactic disk in
the Z direction (see Ossendrijver et al. 2002; Ziegler 1996). So
in our calculations instead of Vesc = αyx we identify Vesc with
A
(Vesc as in the Ferrière papers). We obtain a quite small anαyx
A
(the mean value is about 1 km s−1 ), by
tisymmetric part of αyx
one order smaller than in the Ferrière (1993a,b, 1998) models.
This fact opens the possibility of an additional magnetic field
amplification in the disk, however we need stronger αyy (see
Sect. 1).
Our simulations result in a time-averaged value of the diffusion dynamo coefficient ηT of the order of 1026 cm2 s−1 , which
is in a very good agreement with the value obtained in the turbulent dynamo theory (Ruzmaikin et al. 1988).
The maximum of all dynamo coefficients and the square
velocities is placed around 700 pc, where all the quantities have
the highest peaks. This fact is connected to the character of the
Parker instability process which has high extension above the
disk plane, as was also found by Moss et al. (1999).
The saturation time for the small-scale motion flows in the
model B1 with a low number of harmonic components of the
velocity perturbation is by 100 Myr shorter than for the run D1.
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This fact remains in agreement with our expectations that a
smaller number of perturbations should be more rapidly dissipated. A smaller number of small-scale gas motions in the
beginning also gives the possibility of a slightly higher growth
of the dynamo tensor components for the case B1 than D1 (see
Tables 1 and 2, respectively).
The results of the computations of the model B2, with a
two times weaker initial magnetic field than the models B1 and
D1, shows that all selected dynamo components react differently to the magnetic field strength change (see also Ziegler
1996; Blackman & Brandenburg 2002; Ossendrijver et al.
A
2001, 2002). The coefficients α xx , α xy and αyx
reach somewhat higher maxima if we decrease the initial magnetic field.
The rest of the dynamo coefficients decrease their value if the
weaker initial magnetic field is adopted. These results are partly
in agreement with results obtained by Ziegler (1996), in which
the antisymmetric part of α̂ is higher than the rest of coefficients for the experiment with decreasing strength of the initial
magnetic field.

7. Conclusions
In the present paper we have demonstrated that the Parker instability developing in the local galactic medium leads to flows
giving rise to a substantial α-effect. Our model allows for the
time and space evolution (along the Z direction) of the chosen dynamo coefficients defined as the tensors. This is a new
and important way to obtain realistic dynamo coefficients and
their role in the mean magnetic field evolution in galaxies and
other astrophysical bodies (see also Blackman & Brandenburg
2002). Our key results can be summarized as follows:
1. The numerically computed EMFs obtained from smallscale gas motion averaged in planes parallel to the galactic one evolve in time with strong fluctuations of all coefficients of the dynamo tensor.
2. The time-averaged values of α xx , as well as the peak value
of αzz , are higher than in the SN numerical models, especially if quenching is taken into account. αzz oscillates
between positive and negative values. The time-averaged
mean value of αyy , which is crucial in the large-scale dynamo process, has a much smaller mean value than the first
described coefficients. The future inclusion of the radial
component of the magnetic field and the differential rotation in our model could probably increase this component
of the α̂-tensor. For the first time in galactic models two
dynamo coefficients connected with the buoyancy force are
calculated: α xy and αyx . Both quantities show quite different time evolution, which means that the small-scale gas
motions are fully anisotropic and it is necessary to comA
(not only αyx as in other simulations). The small
pute αyx
A
obtained causes that the buoyancy mechavalue of αyx
nism slowly takes the magnetic field away from the galactic
plane.
3. In both experiments the time-averaged mean value of the
diffusion coefficient is of the order of 1026 cm2 s−1 , in good
agreement with the classical dynamo theory.
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4. The model with a smaller number of harmonic components
of the velocity perturbations exhibits a shorter saturation
time (by 100 Myr) than the experiment with more components.
5. The value of the dynamo coefficients have their peaks at
about 700 pc above the disk plane, resulting in a large vertical extent of the dynamo coefficients.
6. The dynamo coefficients react in a different way to the
change of the initial magnetic field strength, as was
predicted in earlier papers (Ziegler 1996; Blackman &
Brandenburg 2002)
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Pouquet, A., Frisch, U., & Lèorat, J. 1976, J. Fluid Mech., 77, 321
Rädler, K.-H. 1980, AN, 301, 101
Rogachevskii, I., & Kleeorin, N. 2001, Phys. Rev. E, 64, 056307
Ruzmaikin, A. A., Shukurov, A. M., & Sokoloff, D. D. 1988, Magnetic
Fields of Galaxies, Astrophys. and Space Science Lib. (Dordrecht:
Kluwer Academic Publishers)
Schmalz, S., & Stix, M. 1991, A&A, 245, 654
Schmitt, D. 1993, Proc. of IAU Symp. The Cosmic Dynamo, ed.
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